An interatomic potential model for Si/H/Br systems has been developed for performing classical molecular dynamics simulations of Si etching processes by HBr plasmas. The potential form used here is the improved Stillinger-Weber potential function involving a correction term in order to predict the reaction dynamics more accurately. Parameters were determined based on ab initio data obtained from previous works on Si/Br systems by ͓Ohta et al. J. Appl. Phys. 104, 073302 ͑2008͔͒. By using this model, we performed Si etching simulations by monoenergetic HBr + and Br + beams. H atom has about 1% of the translational energy of cluster ions due to the small H/Br mass ratio ͑=1.0/ 79.9͒; therefore, H atoms in HBr + behave like H radicals. This results in higher etch yields by HBr + than those by Br + in the low-energy region ͑less than 100 eV͒. This can be attributed to the chemical enhancement induced by the formation of Si-H bonds. On the other hand, yields by HBr + and Br + were almost the same in the high-energy region ͑more than 100 eV͒, where physical sputtering was relatively dominant and the contribution of H was small.
I. INTRODUCTION
The interaction between chemical plasmas and the semiconductor surface is a key topic in plasma processing technologies, where 10 nm scale processing can be achieved. 1 In this research field, atomic-scale numerical simulations for reaction processes during plasma etching attracted much attention. 2 During plasma processing, high-energy ions ͑typi-cally 10-500 eV͒ accelerated in the plasma sheath are injected into the material surface. 3, 4 In such cases, a very large number of simulation particles are required for dynamically tracking the reactions. Therefore, a classical molecular dynamics ͑MD͒ simulation using a preconstructed interatomic potential model might be unique because the low simulation cost incurred facilitates a systematic parameter survey, e.g., as a function of beam energies and angles. 2, 5 The simulation for more realistic plasma etching conditions including radicals incurs considerably larger costs than those encountered in beam etching simulations.
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The construction of a potential model is vital for performing classical MD simulations. Here, we briefly summarize the Stillinger-Weber ͑SW͒ potential models developed for plasma etching simulations. Originally, Stillinger and Weber 6 developed a potential model with two-body and three-body functions for Si and F systems. Feil et al. 7 applied this functional form to Si and Cl systems by determining new parameter sets. Ohta and Hamaguchi 8 developed two sets of potential models for Si-O-F and Si-O-Cl systems based on previously reported potential models for Si-F, SiCl, and Si-O systems with additional ab initio data. Potential models for Si-O-C-F systems for performing the MD simulations of SiO 2 etching by fluorocarbon plasmas were reported by Smirnov et al. 9 After that, Smirnov et al. 10 further extended the SW models to Si-O-C-H systems for plasma etching simulations with low-k dielectric materials. Most recently, Ohta et al. 11 determined the parameter set for Si/Br systems completely based on the ab initio data. On the other hand, the potential form itself has been re-examined. Recently, Iwakawa et al. 12 clarified how the penetration energy of ions into lattices affects the reaction dynamics and structures of surface reaction layers. They concluded that the penetration energy has a profound effect on the prediction of the surface structure. Furthermore, Ohta et al. 13 found that the original SW model has a flaw in the three-body function, which is an overestimation of the repulsive force caused by the simple summation of the three-body functions, where a halogen atom is surrounded by more than three atoms. This situation definitely occurs when a highenergy halogen is impinged on a Si lattice. To prevent this, an improved potential form with a correction term in the three-body function has been proposed. Generally, halogens show strong chemical reactivity in the Si etching processes. Since the etching processes reduced to the deep submicron scale, HBr plasmas have been introduced in actual manufacturing processes. There are published reports on fundamental experiments to this end. 14, 15 Vitale et al. 15 revealed the ion flux composition of HBr plasmas. In their case, the ion flux composition was Br + ͑43%͒, HBr + ͑42%͒, and Br 2 + ͑15%͒ ͑see 
II. INTERATOMIC POTENTIAL MODEL FOR SI/H/BR SYSTEMS
Let us introduce our potential model. 6, 8, 11, 13 We consider the atomic interactions only among charge-neutral species and the adiabatic assumption for electron dynamics for the system. The total energy of the atomic system is expressed by the summation of the two-and three-body potentials with a parameter as
where r ij = ͉r i − r j ͉ denotes the distance between the ith and jth atoms located at r i and r j , respectively. jik is the angle spanned by r j − r i and r k − r i . Further, i is a correction term to prevent unintended overestimation of repulsive interactions by the three-body function. 13 For i = 1, Eq. ͑1͒ is identical to the original SW model. 4, 5 The two-body function is given by
This expression describes the repulsive and attractive interactions among two atoms. The parameters A ij , B ij , C ij , p ij , and a ij depend on the element type of the ith and jth elements. The three-body function h jik ͑r ij , r ik , jik ͒ is given by
for i halogen ͑=F, Cl, Br, H, etc.͒ or by
is used to cancel the additional attractive interactions resulting from the simple summation of v ij . On the other hand, Eq. ͑4͒ is used to restrict the angles between two covalent bonds. jik , ␥ jik j , ␥ jik k , a jik j , a jik k , jik 0 , a jik j , and a jik k denote the parameters that depend on the species of the ͑i , j , k͒ triplet. Previous studies have shown that these functions could reconstruct the ab initio data with high accuracy when the systems included only two or three atoms. 8, 11 A parameter for three-body function i , which is a function of the positions of neighboring atoms, is given by 
The detailed derivation is published elsewhere. 13 This parameter prevents the overestimation of the penetration energy of ions into the lattice, which is a key factor to predict the surface reaction dynamics. 12, 13 Note that Hanson et al. 16 proposed the SW model with bond-order correction to improve Si-Si and Si-Cl bond strengths. They improved the accuracy of attractive interactions while our model improved the repulsive interactions.
All parameters have been determined based on the ab initio data obtained from quantum chemical calculations using GAUSSIAN03. 17 The procedure was completely the same as that in the previous work on Si/Br systems. 11 It should be noted that a parameter was not taken into account when we determined the parameters because the ab initio data used here were those for clusters including two or three atoms. The ab initio data and the obtained potential curves are shown in Figs. 1-3 . The globally optimized parameter set for Si/H/Br systems is shown in Table I . The calculated bond energy ͑potential minimums͒ and bond lengths for the pair atoms are summarized in Table II . Although the potential curves for X-Br-X or X-H-X ͑X = Si, H, and Br͒ configurations were slightly different from the ab initio data at short distances, the depths of the potential minimums obtained using our model were almost the same as the ab initio data.
III. SI ETCHING SIMULATION BY HBR +
MD simulations of Si etching by high-energy HBr + or Br + bombardment were performed by using our potential model. Our simulation technique is completely the same as that proposed in earlier works. 2, 8, [11] [12] [13] The target atoms are initially located in the structure of the diamond lattice, where the top surface corresponds to ͑100͒. The square-shaped Si͑100͒ surface has a side length of 32.58 Å ͑area: 1061 Å 2 ͒ and a monolayer that initially contains 72 Si atoms. Atoms in the bottom layer are fixed during the simulation and periodical boundaries are imposed along the horizontal direction. The initial target temperature before ion bombardment is 300 K.
To this Si͑100͒ surface, ions with an energy of 10-500 eV are repeatedly injected from randomly selected horizontal locations. It is sometimes more convenient to measure the dose of the impinging particles in monolayer units, where 1 ML corresponds to 72 impinging particles. After the injection of each atom, we allow the system to evolve for 0.7 ps under a constant total energy. For the time integral, the actual mass numbers of 1 H, 28 Si, and 80 Br used here are 1.007 951, 27.976 929, and 79.904 000, respectively. Then, we artificially cool the entire system for 0.3 ps to reduce the temperature of the target to the initial temperature ͑i.e., 300 K͒. After the surface profile and etching characteristics become stable statistically ͓typically after 10 ML ͑720 particles͒ irradiation͔, the etching characteristics such as yields, stoichiometry, and surface structures are analyzed. All data shown here were obtained by averaging over more than 500 ion bombardments after a 10 ML impact.
In Fig. 4 Figs. 5 and 6, respectively. At the same ion energies, the Br coverage and the penetration depth of Br atoms were almost the same for HBr + and Br + ͑Figs. 5 and 6͒. As the ion energies increased, the Br coverage and the thickness of the reaction layer increased, while the H coverage was almost constant. H has approximately 1% of the translational energy of the cluster ions due to the HBr mass ratio ͑=1.0/ 79.9͒. Hence, H cannot penetrate into the lattice by its own translational energy and was just supplied on the top surface. After that, H was drawn into the reaction layer by the collisions caused by the following ion impacts. As a result, the thickness of the H distribution was almost the same as that of the Br distribution. As discussed here, H atoms in HBr + do not cause a dramatic difference in the reaction layers as compared to the cases of Br + impact. The degree of physical damages by the energetic bombardment is mainly determined by the contribution of Br + . On the other hand, a typical surface during the monatomic H + irradiation ͑20 eV͒ is Finally, the stoichiometry of Si etch yields was analyzed according to the bond number ͑the number of atoms binding with Si͒, as shown in Fig. 8 . Products consisting of only H and Br are shown in Fig. 9 . H atoms in HBr + behave like H radicals so that the etch yields by HBr + were chemically enhanced as compared to those by Br + due to the additional formation of Si-H bonds. Si products that included more than three bonds increased for HBr + as compared to Br + , as shown in Fig. 9 . About half of the H atoms were removed by forming Si-H bonds. The remaining atoms were directly reflected without getting absorbed by the surface atoms or sputtered by the subsequent energetic ion bombardment. In addition, H is likely to maintain its translation energy during collisions with surface Si atoms so that the probability to form Si-H bonds is relatively small.
On the other hand, the stoichiometries were almost the same for HBr + and Br + at 300 eV, as shown in Fig. 8 . First, the Si etch products with less than two bonds were the dominant components. This indicates that the physical effect is more effective, i.e., the contribution of the chemical enhancement by forming highly halogenated or hydrogenated products is less effective as compared to the cases of a 50 eV ion impact. Second, 75% of H was removed without Si-H bonds, as confirmed by Fig. 9 . Therefore, Y HBr + = Y Br + for E i Ͼ 100 eV.
IV. SUMMARY
In summary, we developed a new classical interatomic potential model for Si/H/Br systems based on the SW model. This potential model enables us to perform Si etching simulations by HBr + -containing plasmas, which have been frequently used in state-of-the-art Si etching processes. Our simulation results revealed the difference between monoenergetic HBr + and Br + beams. In the high-energy region, Si etch yields by both HBr + and Br + were almost the same and obeyed a power-law relationship close to Steinbruchel's scaling. On the other hand, the Si yield by HBr + was enhanced by a large amount than that using this scaling due to the chemical enhancement by additional H atoms, where H in HBr + has a fairly small portion of the translational energy and behaves like a radical. At present, such discussion may be realized primarily in the numerical simulation and we believe advances in the MD technique for plasma processing technologies are imperative. 
